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Abstract
The abbreviated cell cycle is a poorly understood form of the cell cycle essential for genome
stability in stem cells. To visualize cell-cycle events in the abbreviated cell cycle, we optimized a protocol
for expansion microscopy in stem cells of the reproductive system of the model organism C. elegans.
Optimizations included development of new mounting techniques and modifications to DNA staining
methods. These optimizations produced brighter samples that were easier to find and focus on at the
microscope. These optimizations, combined with future labeling of DNA replication, will expand our
understanding of how cells with an abbreviated cell cycle maintain genome stability.
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Introduction and Background
Mitotic Cell Cycle
The cell cycle is a program that cells use to replicate their genome and divide into two
new daughter cells. The cell cycle is essential to life because it is needed for cell growth and
healing of tissues. The mitotic cell cycle that is seen in most cell types, the canonical cell cycle,
consists of four phases: G1 (gap 1), S (DNA replication), G2 (gap 2), and M (mitosis). However,
there are variations found in certain types of cells (Figure 1). The abbreviated cell cycle is one
variant of the mitotic cell cycle that consists of the same four stages but exhibits an abbreviated
G1 phase. This means the percentage of time spent in the G1 stage over the total duration of the
cycle is smaller than in cells exhibiting the canonical cycle variant (Kapinas et al. 2013). This
version of the cell cycle is found in few cell types; one example is pluripotent stem cells, a cell
type that when needed can give rise to any cell type in the body. We are most interested in this
cell cycle variant because there are mechanisms that drive the cycle that are yet to be understood
(Furuta et al. 2018).
Problems in the Cell Cycle Lead to Cancer
When cells experience mutations in the genes that encode regulators of the cell cycle, like
cyclin E, cancer cells start to appear. The general understanding is that mutations occur in DNA
that will affect the produced regulators that normally keep cell division in check. These
mutations will lead to cancerous cells that can produce their own growth hormones, ignore
signals that would normally cause them to stop dividing, and replicate many more times than
normal cells before dying (Avissa et al. 2015). Typically, cancer cells exhibit decreased control
of the G1 to S phase transition and have a shorter length of stay in the G1 phase (Sherr 1996,
Vermeulen et al. 2003, Vogelstein et al. 2004), similar to the abbreviated cell cycle. Healthy cells
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respond to extracellular signals during G1 phase that cause them to advance to S phase or enter a
resting state. Cancer cells, on the other hand, abandon the controls and remain in cycle even
when DNA damage is detected because mutated extracellular signals don’t tell them to stop
dividing (Sherr 1996).
Cyclin E, a cell cycle regulator that promotes the G1 to S phase transition, is mutated in
certain cancers. Cyclin E binds to other cell cycle regulators (cyclin dependent kinases) involved
in the transition between these phases (Harwell et al. 2000). Normal cells express low levels of
cyclin E throughout the cell cycle to prevent early S phase entry. As the normal cells approach
the end of G1, the level of cyclin E increases to allow the cells to proceed past the G1 checkpoint
and begin DNA replication (Harwell et al. 2000). However, breast cancer cells have been found
to express increased levels of this regulator throughout the cell cycle, causing them to exhibit
short lengths of stay in G1 and allowing them to pass into S phase even when DNA damage or
genome instability is present (Harwell et al. 2000, Lindahl et al. 2004, Keck et al. 2007).
Overexpression of cyclin E has been observed in many cancer cells and therefore is
suggested to play a key role in tumorigenesis by virtue of increasing cell proliferation
(Mazumder et al. 2004, Keck et al. 2007). Increased cell proliferation is not the only
consequence of increased cyclin E that leads to tumorigenesis. The deregulated expression of
cyclin E also affects genome stability. Studies have shown that overexpression of cyclin E causes
genome instability via its effects on DNA replication and mitotic processes. High levels of cyclin
E decrease length of stay in G1 and therefore decrease the amount of time available to license
origins of replication, a process required for efficient movement through S phase (Lindahl et al.
2004, Keck et al. 2007, Matson et al. 2017). The decreased time allowed for licensing increases
the amount of time in S phase due to inefficient replication and replicative stress leading to
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chromosome instability via insertions, deletions, and nonsense mutations (Lindahl et al. 2004,
Keck et al. 2007, Macheret et al. 2018). Overexpression of cyclin E has also been shown to have
negative effects on mitotic processes. Studies have shown that cells with high cyclin E levels had
inappropriate separation of chromosomes during anaphase, resulting in cells with the incorrect
amount of genetic material and therefore cell abnormality and genome instability (Keck et al.
2007, Matson et al. 2017). Increased cell proliferation and genome instability due to increased
levels of cyclin E throughout the cell cycle are key contributors to tumorigenesis.
Studying the Abbreviated Cell Cycle
Significant information is known about how cells become cancerous when canonical cell
division goes haywire. However, much less in known about the regulators in the abbreviated cell
cycle. For example, it is unknown if the regulators found in cells with an abbreviated cell cycle
are any different from those expressed in cancerous cells, how and when the regulators are
expressed, and how they allow cells exhibiting the abbreviated cell cycle to produce healthy
daughter cells despite the short duration of G1 phase.
Studying the abbreviated cycle and learning about the subcellular events that make it
successful in creating healthy daughter cells despite the short G1 phase will provide knowledge
of a few things. First, understanding the cell cycle control in a model system could provide
understanding of why a shorter G1 phase is associated with increases in DNA mutations in
cancerous cells but not in others, like in pluripotent stem cells. Second, it is beneficial to the
study of cells to understand how all cells divide and the mechanisms used to do so. Studying the
abbreviated cell cycle may provide insight into how the cells that exhibit this form of cycle are
similar to each other and to those that exhibit the canonical cell cycle and also how they are
different.
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C. elegans as a Model System for Studying the Abbreviated Cell Cycle
Pluripotent stem cells are one specific cell type that exhibits the abbreviated cell cycle
(Kapinas et al. 2013). In the case of this experiment, we will be looking at the germline stem
cells (GSCs) located in the model roundworm, Caenorhabditis elegans (Figure 2), which have
been found to have a shortened G1 phase (Fox et al. 2011). This organism is a good model
system for the study of the abbreviated cell cycle for several practical reasons. First, the animals
are small (~1 mm in length) and can be grown on agar plates in the laboratory setting. Second, C.
elegans has a short life span, the process of an egg developing into an adult takes approximately
3 days if kept at 20 °C (Muschiol et al. 2009). Lastly, each hermaphrodite can produce up to 300
eggs. This allows for a large supply of animals to study (Koreth et al. 2005).
C. elegans hermaphrodites have two gonads that contain the necessary structures to
produce eggs and the sperm needed to fertilize those eggs. Germline stem cells of C. elegans are
located at the distal tip of the gonads and are responsible for the generation of the gametes used
for reproduction. While the whole picture of the mechanisms that allow the GSCs of C. elegans
to produce daughter cells is not revealed, we do have some knowledge of regulation in the
germline stem cells. First, it has been discovered that the germline stem cells go through
continuous, rapid cell cycle progression (Crittenden et al. 2006) and exhibit a cell cycle structure
that has a very short G1 phase (Fox et al. 2011). The estimated length of the abbreviated cell
cycle in C. elegans is ~6.5-8 hours with ~2% of the time spent in G1, 57% in S phase, 39% in G2,
and 2% in M phase (Fox et al. 2011). Observations of germline mitotic cell cycle regulatory
features indicate that unlike cells exhibiting a canonical cell cycle, where regulator cyclindependent kinase 4 (CDK-4) is required for cell cycle progression from G1 to S phase, the
germline stem cells do not require it (Fox et al. 2011). There is also evidence that cyclin E
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accumulation and activity are found throughout the cell cycle of the GSCs whereas they are only
found periodically throughout the cell cycle of somatic cells. The high level of cyclin E is seen in
other cells that exhibit a short G1 phase; therefore, it could be possible that cyclin E drives the
germline cells through the cycle without the requirement of a long G1 phase (Fox et al. 2011).
The presence of this regulator in C. elegans is interesting because cancer cells also have an
increased level of cyclin E (Siu et al. 2012). This similarity may aid in the development of ideas
as to how the cancerous cells become dangerous and the GSCs of C. elegans produce healthy
daughter cells, despite both exhibiting cyclin E throughout the cell cycle (Kipreos et al. 2019).
Cyclin E is not the only regulator responsible for cell cycle progression in GSCs, it works
in conjunction with other regulators present to move cells through the different stages of the
cycle efficiently. Cyclin-dependent kinase 2 (CDK-2) works to promote G1 to S phase transition
and also works with cyclin E to promote proliferation of GSCs (Fox et al. 2011). Glucose
synthase kinase 3 (GSK-3) is a regulator that inhibits the DPL-1 transcription factor that is
responsible for inhibition of cdk-2 mRNA accumulation. Researchers have found that with
consistently high CDK-2 levels in germline stem cells of C. elegans, there are also increased
levels of GSK-3 (Furuta et al. 2018). Therefore, with high levels of GSK-3, DPL-1 is inhibited,
and CDK-2 levels are consistently high resulting in efficient G1 to S phase transition and
progression through S phase (Futura et al. 2018).
As cells progress through the stages of the cell cycle their DNA changes its form to
accommodate the processes taking place. In cells with a canonical cell cycle, DNA condenses by
winding up tightly to form structured chromosomes before M phase to allow for even separation
of DNA into two new daughter cells. The DNA then decondenses by unwinding the structured
chromosomes to form loose DNA before S phase to allow room for DNA replication. There is
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evidence in C. elegans embryos that both chromosome condensation and decondensation are
dependent on DNA replication (Sonneville et al. 2015). In addition, DNA replication can begin
prior to the end of M phase in C. elegans embryos, which is not like normal cells in which DNA
replication begins after all of the DNA is decondensed at the end of G1 phase, potentially leading
to a shorter G1. This interesting phenomenon allows for the quick transition from M phase to S
phase in the embryos as the onset of DNA replication during M phase causes rapid
decondensation of the DNA (Sonneville et al. 2015). Additionally, research has shown that if
there is any inhibition of DNA replication in C. elegans embryos, DNA condensation in the
beginning of M phase is defective (Sonneville et al. 2015).
While this information is known, there is still much learn about the abbreviated cell
cycle. We want to learn the timing of DNA replication and DNA condensation/decondensation in
the GSCs of C. elegans. Is it similar to that found in the embryos of C. elegans? If not, how is it
different? By studying C. elegans, we want to gain a better understanding of how the abbreviated
cell cycle works and also know why cells that have an abbreviated cell cycle are able to produce
normal functioning daughter cells while cancer cells with a similarly shortened G1 phase cannot
produce normal functioning cells.
While the C. elegans genome size is much smaller than that of the human genome, 100
million base pairs compared to 3.2 billion base pairs per haploid gnome, respectively, their
canonical length of G1 to genome size is relatively proportional (Becker et al. 2006, Fox et al.
2011). Therefore, C. elegans short G1 phase is not a result of a smaller genome size.
Additionally, timing of replication and preparation is not always proportional to genome size.
For example, animals like frogs (Xenopus laevis) and zebrafish have genomes comparable in size

6

to humans, but their early embryos divide very fast (Siefert et al. 2015). Therefore, the limitation
in comparing cell cycles in varying species is not necessarily just genome size.
Current Drawbacks in Studying the Cell Cycle
With current techniques using conventional microscopy, we are unable to see the
subcellular events in the germline stem cells of C. elegans and the images that are obtained of the
cells going through the stages of the cell cycle are hard to distinguish. It is very important when
studying the cell cycle to be able to see the dividing cells clearly and the ability to see the
chromosomes within the dividing cell and make sure there is distinction between one cell and the
next is not easily done with regular microscopy. In addition, using chromosome
condensation/decondensation to visualize cell cycle stage is difficult as these events are hard to
see in low resolution images captured using conventional light microscopy. Being able to see the
subcellular events that are occurring would likely allow us to better understand the mechanisms
that are guiding the abbreviated cell cycle. There is a possible solution to these problems and that
is the recently-introduced technique of expansion microscopy (ExM).
What is Expansion Microscopy?
Expansion microscopy was introduced in 2015 by a group of scientists who discovered
that by creating an expandable polymer matrix inside a specimen it can be physically enlarged by
at least a factor of four while preserving structural integrity/arrangement by evenly expanding.
By linking specific labels inside the tissue directly to the matrix, labels closer to each other than
the optical diffraction limit of most microscopes can be separated and viewed more easily (Chen
et al. 2015). In summary, expansion microscopy allows us to expand tissues or cultured cells
enabling us to see their structure more easily and hopefully learn the functions of those
structures.
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Many variants of expansion microscopy have developed over the past 5 years, which
include the main variants: ExM with conventional antibodies (Chozinski et al. 2016), magnified
analysis of the proteome (MAP) (Ku et al. 2016), expansion fluorescent in-situ hybridization
(ExFISH) (Chen et al. 2016), protein-retention ExM (proExM) (Tillberg et al. 2016), and
iterative expansion microscopy (iExM) (Chang et al. 2017). ExM with conventional antibodies is
a technique in which secondary antibodies are used to link the polymer matrix to the specimen
(Chozinski et al. 2016). MAP is a process that aims to disrupt protein crosslinking within the cell
to allow preservation of protein content in the cell for analysis (Ku et al. 2016). ExFISH is used
to attach RNA to the polymer matrix by addition of a small molecule linker (Chen et al. 2016).
ProExM uses the process of attaching proteins, rather than custom-made fluorophore molecules,
to the gel matrix because it does not require specific secondary antibody labeling and instead
requires only a commercially available cross-linking molecule (Tillberg et al. 2016). Lastly,
iExM is used to synthesize a second polymer gel around an already expanded specimen to
increase expansion factor to around 20x (Chang et al. 2017). There have also been many variants
that have been introduced that are used less often or are less popular than those previously listed
(Zhang et al. 2016, Halpern et al. 2017, Zhao et al. 2017). With all of these variants, it has been
shown that expansion microscopy can be very useful in creating an expanded specimen that is
made of mostly water and therefore transparent and visually aberration free. It is also useful in
decrowding the biomolecules/labels in the swellable matrix to allow for an expanded sample that
appears less tightly packed with cells and makes distinguishing between cells easier by
increasing resolution (Karagiannis et al. 2018).
For this project, we will be using proExM protocols. This is the variant of choice for this
study because it allows us to link proteins to the swellable gel matrix with ease because we do
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not need custom-made fluorophores, and instead, we can link proteins in the cells to the polymer
matrix with use of a readily available cross-linker (Tillberg et al. 2016). We can use this process
to expand our samples because the protease treatment that will be used to break down the
structural proteins in the cells to allow expansion will not disturb the DNA that we are trying to
visualize. The process of ExM will help to alleviate the problem of not being able to properly
visualize contents of the cells we are looking at and allow us to identify when certain events of
the cell cycle are occurring by expanding the contents of the cell to a size within the diffraction
limit of the microscopes we are using.
Prior Success of Expansion Microscopy
There are many previous studies using different model organisms that show the success
of expanding tissues using expansion microscopy protocols. Different tissues including mouse
brain (Karagiannis et al. 2018), Drosophila (Jiang et al. 2018) (Figure 3), human tissues
(Chozinski et al. 2018), and more have been expanded successfully. The different studies
mentioned above all successfully expanded the tissues that they were studying. The expansions
provided a better means to study the structure and function of the tissues that were studied. There
is one published study on the successful expansion of C. elegans tissues using ExM but it
involves expansion of intact C. elegans and focuses mainly on the issue of the cuticle restricting
expansion (Yu et al. 2020). With the prior tissues that have been successfully expanded, like
Drosophila, and mouse brain, we believe that we will have a similar outcome with the gonad
tissue of C. elegans.
Project Goals
The scope of my thesis project involves investigating the use of expansion microscopy to
understand the abbreviated cell cycle and how it successfully creates daughter cells in the
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germline stem cells of C. elegans. We believe that if a protocol can be optimized for the use of
expansion microscopy in C. elegans then we will be able to see how the germline stem cells,
with an abbreviated cell cycle, progress through cell division and the mechanisms that allow
them to do so. By using expansion microscopy coupled with techniques that allow us to visualize
DNA as a whole, as well as DNA that is in the process of replicating, we hope to see the
structure of the DNA more clearly within the nucleus of the GSCs of C. elegans. This will allow
us to get a better understanding of the timing of events like DNA condensation, decondensation,
and replication throughout the abbreviated cell cycle that has been difficult to visualize before
due to the inability to see in detail the DNA within the cells. Our prediction is that expansion
microscopy will allow us to study the events of the cell cycle in C. elegans stem cells and get a
better understanding of how they successfully divide even though the cells have a shortened G1
phase.
Aims
The first aim of this study was to optimize proExM for visualizing C. elegans germline
stem cells. During optimization of the protocol, we implemented specific techniques that were
used in the expansion of tissue types from other organisms, but we adjusted variables like
incubation time, reagent concentration, and imaging techniques. An example workflow can be
found in Figure 4. Our goal of this aim was to create a protocol for use of proExM in C. elegans
that would allow us to complete aim two, visualization of cell cycle events.
The second aim of our study was to characterize the timing of DNA condensation and decondensation, relative to replication, in C. elegans germline stem cells. To look at DNA
condensation and decondensation, we categorized each cell based on the chromosome
morphology. In addition, we analyzed images for nucleus size, as well as using EdU labeling to
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visualize whether cells are in S phase. The goal of this aim was to utilize the optimized proExM
protocol to see the cell cycle events that allow the GSCs in C. elegans to produce healthy
daughter cells despite the short G1 phase.
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Methods
Worm Growth
Worms were grown at 20 °C on standard nematode growth media plates seeded with E.
coli OP50 (Crittenden et al. 2006). Worms were collected at the larval L4 stage for gonad
extrusion.
Gonad Extrusion
Worms were paralyzed in 0.25 mM levamisole (Sigma #L9756) in PBSTween (PBS +
0.1% Tween-20) in a glass dissection dish. Worms were decapitated by cutting off the head
immediately behind the pharynx. Decapitation caused gonads to extrude through the opening at
the head.
Fixation and Permeabilization
Gonads were fixed in 3% paraformaldehyde in PBSTween, prepared from a frozen stock
solution of 16% paraformaldehyde (Electron Microscopy Sciences #15710). Gonads were fixed
for 30 minutes on a rocker at room temperature. Gonads were washed twice in PBSTween to
remove residual paraformaldehyde. Gonads were permeabilized in 0.1% Triton X-100 (Sigma
#9002-93-1) in PBSTween for 15 minutes on a rocker at room temperature
Addition of AcX Protein Anchors
Gonads were incubated overnight at room temperature in a 1:100 dilution of acryloyl-X
(AcX) in PBSTween. This step attaches AcX to amines in proteins, enabling them to later attach

to the polyacrylamide gel matrix. Gonads were washed twice in PBSTween for 15 minutes each
wash to remove residual AcX.
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Gelation
Gonads were embedded in polyacrylamide gels using one of two methods. In the first
method, gonads were incubated on ice for 30 minutes in gelling solution composed of 423 µl
monomer solution (Stock X: 0.9 M sodium acrylate Sigma 408220, 0.37 M acrylamide Sigma
A9099, 0.01 M bisacrylamide Sigma M7279, 2 M sodium chloride, 1X PBS, and water), 9 µl 4Hydroxy-TEMPO (0.029 M 4HT, Sigma 176141), 9 µl tetramethylethylenediamine (0.86 M
TEMED, Sigma T7024), and 9 µl ammonium persulfate (0.44 M APS, Sigma A3678). This
solution was pipetted between two No.1 coverslips placed on a glass slide with another coverslip
on top to make a chamber. The chamber was incubated overnight in a humid box at 37 °C. In the
second method, gonads were pipetted onto a glass coverslip, and excess liquid was removed
from the coverslip, causing gonads to adhere to the coverslip. The coverslip was placed in a
gelling chamber and overlaid with the same gelling solution described above. Care was taken not
to dislodge gonads from the coverslip when adding the gelling solution. The gelling chamber
was incubated overnight in a humid box at 37 °C. In both methods, gels were removed from
chambers by disassembling the gelling chamber. Gels were cut in half using a razor, to enable
the gel pieces to fit inside standard 1.5 ml tubes.
Digestion
Tubes containing gels were incubated overnight on a rotator at room temperature in a
1:100 dilution of proteinase K (800U, Sigma 4850) in digestion buffer (water, 0.05 M Tris HC
pH 8, 0.001 M EDTA, 0.008 M Triton X-100, 0.8 M sodium chloride).
Expansion
Before expansion gels were removed from digestion mixture and washed three times for
10 minutes each in PBSTween. Gels were then expanded in nanopure water for 20 minutes at
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room temperature. This step was repeated for a total of two to three expansions, using fresh
water for each expansion.
DAPI Staining
Samples were stained with DAPI either immediately prior to AcX treatment or
immediately prior to expansion. For staining prior to AcX treatment, gonads were incubated in
0.001-0.1 mg/ml DAPI in PBSTween for 30 minutes at room temperature. Gonads were washed
twice for <1 min each in PBSTween. For staining prior to expansion, gels were incubated in 0.01
mg/ml DAPI in PBSTween for 30 minutes at room temperature. Gels were washed three times in
PBSTween for 10 minutes each wash.
Imaging
Gels were imaged on a widefield epifluorescence microscope in the lab of Jacob Mueller
at the University of Michigan. Gels were placed on a glass coverslip, and the coverslip was
placed atop two to four glass risers, gel side down, on a microscope slide. This configuration
prevented the gel from resting on the microscope slide. Gels were imaged using a 100X
objective, with exposure times of 200-800 ms per z-slice.
EdU Labeling
Prior to dissection, live worms were incubated in 1 mM EdU (10 mM EdU:
ThermoFisher Scientific #C10337) in M9(KH2PO4, Na2HPO4, NaCl, MgSO4, H2O)/0.1%
Tween-20 for 15 minutes at room temperature. Gonads were dissected, fixed, permeabilized, and
treated with AcX as described above. Following AcX treatment, gonads were incubated for 45
minutes at room temperature in 20 mg/ml sodium ascorbate (Beantown Chemical 219180), 1X
Click It reaction buffer, 100 mM CuCO4, Alexa 488 azide (ThermoFisher Scientific #C10337).
Gelation, digestion, and expansion were performed as described above.
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Results
Gonad Expansion
To test protein-retention expansion microscopy (proExM) on gonad tissue of C. elegans,
gonads were dissected from the bodies of larval (L4) stage C. elegans hermaphrodites and fixed
using paraformaldehyde to preserve cellular structure (Figure 4). Gonads were incubated in 0.1
mg/ml DAPI to stain DNA and treated with the small molecule AcX, which attaches to amines
on proteins and creates an anchor point for the polyacrylamide gel (Wassie et al. 2019). Gonads
were embedded in the gel by allowing the gel to polymerize overnight throughout the tissue, as
described in Asano et al. (2018). Gelation used standard gelling reagents acrylamide and
bisacrylamide (which polymerize to form the gel), ammonium persulfate (to initiate
polymerization), TEMED (to accelerate polymerization), and 4HT (to inhibit premature
polymerization). Gels were treated with Proteinase K to digest proteins and expanded by
incubation in pure water. A group of control gonads underwent the same procedure but were not
subjected to the expansion step. We observed that expanded gels were approximately three times
larger than unexpanded gels, and the same result was observed in later expansion experiments
(paired t-test p-value less than 0.0001) (Figure 5), and nuclei in expanded samples were
noticeably larger than nuclei in unexpanded samples (Figure 6). Nonetheless, DAPI staining of
DNA was dim, and chromosomes were therefore difficult to visualize (Figure 7A). This
preliminary trial demonstrated that gonads in C. elegans do expand under a standard proExM
protocol (Asano et al. 2018) but staining of DNA using DAPI needed to be further optimized.
DAPI Staining
Our initial trail of proExM showed good expansion of C. elegans gonadal tissue but dim
staining of DNA with DAPI (Figure 7A). To increase the brightness of DNA staining, we
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repeated our original procedure but increased the concentration of DAPI from 0.001 mg/ml to
0.01 mg/ml (Figure 7B). The increased concentration of DAPI reflects the higher end of
concentrations used in most standard (non-ExM) imaging procedures. We observed that DNA
staining was still too dim for chromosomes to be visualized easily (Figure 7B). This result
showed that standard concentrations of DAPI were insufficient to obtain strong DNA staining, at
least when DAPI staining was performed prior to AcX treatment.
We hypothesized that dim staining of DNA was caused by loss of DAPI signal during the
proExM procedure. To test this hypothesis, we repeated the proExM procedure using a final
concentration of 0.01 mg/ml DAPI and imaged samples after each step of the procedure: (A)
after DAPI staining, (B) after AcX treatment, (C) after gelation, (D) after Proteinase K treatment,
and (E) after expansion (Figure 8). We observed that DNA staining was extremely bright in
samples imaged after DAPI staining (Figure 8A) and after AcX treatment (Figure 8B) but was
much dimmer in samples imaged after gelation (Figure 8C). An additional loss of signal, albeit
smaller in magnitude, was observed after Proteinase K treatment (Figure 8D). Very little loss of
signal was observed after expansion (Figure 8E). These results show that the gelation step of the
proExM procedure represents the biggest source of loss of DAPI signal. Thus, an optimal time to
stain samples with DAPI may be toward the end of the proExM procedure, prior to or coincident
with expansion.
Our experiment described above, in which we imaged samples after each step of the
proExM protocol, showed that DAPI signal was lost during the gelation step of proExM. We
therefore hypothesized that DAPI signal might be improved by changing the timing of DAPI
staining such that samples were stained after gelation rather than before; an alternate solution
might be to maintain the timing of DAPI staining before gelation but increase the DAPI
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concentration dramatically. We tested both options in parallel: We stained samples after gelation
with the standard concentration of 0.01 mg/ml DAPI, and we stained samples before gelation
with the very high concentration of 0.1 mg/ml DAPI. We observed a similar magnitude of DAPI
signal in both cases (Figure 7C-D), with chromosomes easily visible at 100X magnification, and
similar DAPI staining patterns seen. Nonetheless, the latter option (0.1 mg/ml DAPI) was
problematic because DAPI became partly insoluble once it was mixed with PBSTween. These
results show that staining samples after the gelation step of the proExM protocol provides
sufficient DAPI signal while avoiding problems caused by unworkably high DAPI
concentrations. An added benefit of staining samples after gelation is that samples do not need to
be protected from light during the majority of the proExM protocol.
Imaging Chamber
Gonads in expanded samples were initially difficult to image because individual gonads
were difficult to find within the gel, and because many gonads were difficult to focus on due to
lack of uniform orientation within the gel. We hypothesized that the problems focusing were
caused in part by the design of our imaging chamber. Our original imaging chamber consisted of
two glass slide spacers that held up a glass coverslip (Figure 9A). Adhered to the bottom of the
coverslip was the gel containing the gonads. We suspect that this design might allow for
deflection of the coverslip into the imaging chamber, thus preventing the objective from focusing
on gonads deeper within the sample (Figure 9A). To combat this issue, we revised the imaging
chamber to provide more stability to the coverslip (Figure 9B). Our revision was to add glass
slide spacers on all four sides of the imaging chamber, creating a full square of stability. This
revised chamber provided more stability to the coverslip but did not improve the difficulty of
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focusing on gonads. Thus, preventing deflection of the coverslip was not sufficient to allow all
gonads to be imaged with ease.
Gelation Methods
A second possible cause of difficulty focusing on gonads within expanded gels was that
gels may have been thicker than the working distance of the microscope objective. Gonads were
dispersed within gels, and thus, many gonads may have resided fully or partially outside the
range of focus of the objective. To solve this problem, we revised the mounting technique to
place all gonads toward the upper surface of the gel. The standard technique for mounting tissue
in the gel consisted of pipetting the gelling solution and the tissue together into gelation
chambers (Asano et al. 2018) (Figure 10A); this technique applied to C. elegans gonads resulted
in gonads being dispersed throughout all the gel. To prevent dispersion, we placed gonads onto a
coverslip and removed the surrounding liquid, causing gonads to adhere to the coverslip. We
then placed the coverslips into the gelling chamber and pipetted the gelling solution very slowly
into the chamber, being careful not to dislodge gonads from the coverslip (Figure 10B). This
revised technique resulted in a gel in which all gonads resided towards the surface of the gel
facing the coverslip. Importantly, this technique largely solved the difficulty focusing and made
samples easier to image: The newer technique allowed me to collect ~15 images in ~3-5 hours,
compared to ~6 images in a similar time period using the previous technique. Therefore, the
revised gelation technique allowed more data was able to be collected from each batch of gel
samples.
EdU Labeling
To better understand the events taking place in the abbreviated cell cycle in C. elegans
gonads, we wanted to combine EdU labeling and expansion microscopy. We used EdU labeling
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and azide staining to label cells that were actively replicating their DNA (i.e., cells in S phase of
the cell cycle). We incubated live worms in the thymidine analog EdU for 15 min, to allow EdU
to become incorporated into newly replicated DNA in the gonad. Gonads were then dissected,
fixed, permeabilized, and treated with AcX. Before gelation, gonads were treated with
fluorescent Alexa 488 azide in a click chemistry reaction (Salic et al. 2008). This reaction caused
the azide group to become covalently attached to the alkyne group in EdU, thus labeling each
EdU molecule with the fluorescent Alexa 488 dye (Salic et al. 2008). Samples were embedded in
gels, treated with 0.01 mg/ml DAPI, and expanded in pure water. Imaging of unexpanded,
control samples using a filter than can detect the Alexa 488 dye showed that the signal was very
prominent (Figure 11A left). The DAPI stain in the tissue was bright, as well, and detectable in
the images (Figure 11B). However, imaging of expanded samples using a filter than can detect
the azide stain did not produce useful images as the signal was dim and was therefore hard to
interpret (Figure 11A right). The DAPI staining of the expanded sample showed promising
signal (Figure 11B right). With this information, in the future the EdU labeling protocol could be
optimized for use in C. elegans proExM to produce samples with bright enough signal to image
and analyze.
Nucleus Size Decrease
We noticed anecdotally that tissues in some experiments expanded more than in other
experiments (Figure 12A). We hypothesized that the decrease in nucleus size was occurring over
time, possibly due to one or more of the reagents going bad. To determine if nuclei size was
decreasing over time, we compared nuclei sizes in images collected from late August to early
November of 2019. Statistical testing showed that the nuclei sizes from the dates in Figure 12A
were significantly different from each other (ANOVA test p-value less than 0.0001). Expanded
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samples imaged in September 2019 were on average 1.8X larger than expanded samples imaged
in November 2019, and 3.75X larger than unexpanded samples from September (Figure 12B).
The November samples closely resembled the unexpanded samples imaged in September with
average nuclei sizes 2X larger (Figure 12B). This result shows that our expansion microscopy
procedures were sensitive to changes that occurred over time. Future researchers should take
measurements of the nuclei often to make sure they are still expanding to the appropriate
magnitude.
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Discussion
Overview
The goal of this research project was to investigate the use of expansion microscopy in C.
elegans to better understand the abbreviated cell cycle in germline stem cells located in the
gonad tissue (Figure 2). We were interested in learning about the timing of events, chromosome
condensation, decondensation, and DNA replication, that take place in the abbreviated cell cycle
that allow the organisms to produce healthy daughter cells despite the shortened G1 phase.
Optimizing a protocol for proExM in C. elegans has the potential to be useful for this type of
learning because visualizing these events at the cellular level is difficult to achieve with current
microscopy techniques. Therefore, our goals of this study were two-fold: to optimize the
protocol for proExM in C. elegans and to use the protocol to visualize the timing of condensation
and decondensation of chromosomes, in conjunction with DNA replication. This study
demonstrated that expansion microscopy in C. elegans using a standard protocol produces
similar expansion to samples in other species that have been documented (Figure 3). Expansion
in C. elegans required optimization of DAPI staining, which we have performed, and
optimization of the gelation technique, which we also performed (Figures 8, 9, and 11).
Preliminary experiments with EdU labeling showed that this technique is feasible but will
require additional optimization to improve signal brightness (Figure 12). The EdU labeling
technique is important for the completion of aim two as it is required for knowing cell cycle
stage and once the EdU protocol works we will be able to answer questions about chromosome
condensation and decondensation.
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DAPI Staining
DAPI staining is important because you need to be able to see the DNA in order to see
where the nuclei are. Additionally, DAPI staining is important for seeing the morphology of the
DNA within the nuclei, in order to determine what stage of the cell cycle each specific cell is in.
Therefore, getting a DAPI staining protocol that works well is essential for microscopy
techniques, including expansion microscopy. Traditional microscopy methods and other
published ExM protocols utilize a technique that calls for DAPI staining after fixation of tissues,
and before gelation (Fox et al. 2011, Matson et al. 2017, Chozinski et al. 2018, Jiang et al. 2018).
However, we discovered that signal from DAPI staining is improved is staining is performed
after gelation and before expansion (Figures 7 and 8). An advantage of this technique is that the
sample does not need to be kept in the dark throughout the proExM protocol to prevent
photobleaching and less DAPI needs to be used to make up for the decrease in signal after
gelation.
Imaging
Imaging of expanded samples is crucial to the proExM protocol. However, current
published ExM research papers lack in providing details of how the images were actually taken
(Tillberg et al. 2016, Asano et al. 2018). A major problem we encountered while imaging was
that it took a large amount of time to not only locate gonads within the gel but then to also find
ones that we could focus on, and all the way through. We hypothesized that the problems we
were facing stemmed from two places, the imaging chamber and the gelation technique.
In the imaging chamber, we thought the objective may have been putting pressure on the
coverslip the gel was attached to, creating distortion and not allowing us to focus on or through
gonads in the gel. To test this, we adjusted the design of our imaging chamber from a two-walled
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chamber to a four-walled chamber (Figure 9). We saw little to no improvement in images, and
therefore ruled out the imaging chamber being responsible for our imaging issues.
Our second place for troubleshooting was the gelation technique being used. The original
protocol involved pipetting the gelation solution and the gonad tissue together into the gelling
chamber (Figure 10A). This method resulted in gonad tissue spread throughout the thickness of
the gel. We believe this technique made it difficult to find and focus on gonads that were outside
the field of focus of the objective. Our solution to the problem was to place the gonad tissue on a
coverslip inside the gelling chamber and slowly pipetting the gelation solution into the chamber
without disturbing the gonads on the coverslip (Figure 10B). After polymerization, the gonads
were all in one plane and close to the surface of the gel rather than spread throughout the gel like
in the original technique. Our optimization of gelation techniques allowed us to take many more
images of gonads during our time at the University of Michigan because the tissues were easy to
find and focus on. Our new gelation technique thus represents a major improvement over the
traditional technique. We recommend that the new gelation technique be adopted as the standard
for all users of expansion microscopy in C. elegans in the future.
EdU Labeling
EdU staining allows the visualization of DNA in cells that was in the process of
replicating when the sample collected, we used the technique to help us determine the timing of
DNA condensation and decondensation in cells. The EdU labeling protocol was successful in
unexpanded samples, giving high signal. However, signal was dim in the expanded samples
(Figure 11). Dim signal was most likely due to the gelation step, which was also detrimental to
DAPI signal (Figure 7). Alexa 488, the fluorescent dye used, has been shown to retain about
50% of its fluorescent signal after the gelation step of ExM (Chen et al. 2015, Tillberg et al.
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2016). This indicates to us that while the technique works effectively in C. elegans, it needs to be
adjusted to produce high levels of signal that can be clearly seen in expanded samples even after
gelation. One ExM study utilized EdU labeling to visualize DNA within human epithelial cells
grown in culture and saw exceptional signal strength (Sun et al. 2020). Their study utilized a
similar protocol with few alterations. The aforementioned study used a 24-hour EdU incubation
prior to permeabilization with Triton X-100, compared to our EdU incubation time of 15
minutes. In addition, the Sun et al. study included a biotin azide in their reaction with the sodium
ascorbate and CuSO4, rather than the dye. The Alexa 488 streptavidin-dye was instead added to
the samples after several washes with PBS and incubated at room temperature for 1 hour before
gelation (Sun et al. 2020). Corrections to our protocol could include incubating the gonads in
Alexa 488 azide after the gelation step rather than before to combat the reduction in signal seen
after gelation (Tillberg et al. 2016), using a different fluorescent dye (ex: CF488A) that may
perform better with a post gelation staining protocol (Min et al. 2019), increasing the incubation
time in both the EdU and the stain (Sun et al. 2020), and possibly utilizing the biotin azide as
well (Sun et al. 2020)
Nucleus Size Decrease
Over time we noticed that the expansion size of the nuclei was decreasing significantly
(Figure 12). Originally, we replaced the reagents that make up the gelation solution, thinking that
they had reached the end of their shelf life. However, with subsequent trials the expansion factor
did not improve. We corresponded with researchers (Dr. Shoh Asano, Dr. Ed Boyden, and Dr.
Paul Tillberg) in other labs working on expansion microscopy and received advice from all of
them that rather than the gelation reagents causing the problem it was most likely the proteinase
K. We agreed that the proteinase K may have been the issue because the gel itself was expanding
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to roughly the same size as in the beginning of the project, but the samples within the gel were
not. This indicated to us that the tissues were not being digested enough to allow for the full
magnitude of expansion. Proteinase K is said to be stable when stored at 4 °C for at least 12
months (Ebeling et al. 1974). Our sample was stored properly and less than 12 months old, so
possibly we received a bad batch from Sigma, or our batch became contaminated. Therefore,
replacing the proteinase K would be the next step we would take to try to increase the expansion
size of the nuclei.
Future Directions
During this project we made strides in optimizing the proExM protocol in C. elegans,
specifically in the areas of appropriate time and concentration for DAPI staining (Figures 7 and
8), successful EdU labeling (Figure 11), and gelation techniques (Figure 10). Additional work to
optimizing the expansion microscopy protocol in C. elegans could include optimizing the EdU
labeling protocol to increase signal after the gelation step. Fully optimizing the proExM protocol
for use in this model organism has the potential to aid in the understanding of the cell cycle
variant that the GSCs exhibit.
Germline stem cells in C. elegans are a pluripotent cell type that have an abbreviated cell
cycle (Kapinas et al. 2013), meaning they exhibit a shortened G1 phase (Fox et al. 2011). The
GSCs have unique characteristics like not requiring CDK-4 for the transition from G1 to S phase,
having consistent expression of cyclin E throughout the cell cycle (Fox et al. 2011), and high
levels of GSK-3 and CDK-2 for efficient G1 to S phase transition and progression through S
phase (Futura et al. 2018). The characteristics listed above are not commonly seen in cells that
exhibit a canonical cell cycle, and the unique cyclin E expression is similar to that found in
cancer cells (Siu et al. 2012). While this information is known about the cell cycle in C. elegans
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GSCs, there is still many unknowns of the abbreviated cell cycle and how they are
similar/different to cancer cells but are still able to produce healthy daughter cells.
The second aim of the project, using the optimized proExM protocol to visualize cell
cycle events in the GSCs of C. elegans, has a lot of potential to shed light on the events that
allow C. elegans to produce healthy daughter cells despite a short G1 phase. Such events that
could be studied are the timing of chromosome condensation and decondensation, this could be
done using DAPI staining and EdU labeling to visualize when the GSCs in the gonad tissue are
going through DNA replication, and how that relates to the stage of the cell cycle the cells appear
to be in.
Future analysis on DNA condensation and decondensation could include categorizing
cells based on the morphology of their chromosomes. For example, by how many individual
chromosomes can be identified in each cell. To look at nuclear size, measurements of the nucleus
of every cell that is categorized could be taken. DNA replication could also be analyzed by using
EdU labeling to see when cells are in S phase. By combining all three of these techniques, we
could learn about the timing of cell cycle events in cells expressing an abbreviated cell cycle. We
could see if cells are starting S phase while chromosomes are still decondensing and if they are
still recondensing when M phase starts by comparing chromosome morphology with EdU
labeling results. For example, if cells have chromosome morphology that shows DNA not fully
decondensed and are showing signal from EdU labeling, that would suggest that cells are
entering S phase before DNA decondensation is complete.
We would expect normal cells with a canonical cell cycle that are in G1 phase to have
chromosomes that are in the process of decondensing, in S phase we would expect to see fully
decondensed chromosomes and larger nucleus size as DNA replication is occurring, in G2 the
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cells would show chromosomes that are mostly decondensed but are beginning to condense, and
in M phase we would see fully condensed chromosomes and smaller nucleus size. We want to
know if this is what is happening in cells that exhibit the abbreviated cell cycle. In C. elegans
embryos DNA decondenses before G1 phase and recondensing before the end of S phase, and we
hypothesize that something similar might be happening in the GSCs of C. elegans (Sonneville et
al. 2015). If the GSCs were following similar patterns to those found in C. elegans embryos, we
would see cells with DNA that is not fully decondensed expressing the fluorescent dye that is
attached to the EdU labels. This would indicate that cells are beginning DNA replication before
their chromosomes are fully decondensed. Continuation of this project to learn about how the
GSCs in C. elegans gonad tissue produce healthy daughter cells has the potential to expand what
is known about the abbreviated cell cycle and how it might be similar/different to the cell cycle
found in cancer cells.
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Figures

Figure 1. Versions of the mitotic cell cycle.
The canonical cell cycle model of typical human cell (Cooper 2000) (left) and
the abbreviated cell cycle model of typical human embryonic stem cell (Becker
et al. 2006, Matson et al. 2017) (right) show the proportion of time spent in
each of the four stages of mitotic cell cycle for each version with emphasis on
the shortened G1 phase in the abbreviated cell cycle.
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Figure 2. Hermaphrodite gonad in adult C. elegans.
A. This diagram shows the body plan of an adult hermaphrodite, enlarging the
gonad for better viewing. Germline stem cells are located at the distal tip of the
gonad, shown here with a large circle. This is where the abbreviated cell cycle
takes place (Huelgas-Morales et al. 2016). B. This diagram shows the germline
stem cells in C. elegans during different stages of the cell cycle (Crittenden et
al. 2017).
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36 and scale bars have been
figures containing ExM data, distances
Thus, ExM allowed for visualization o
divided by their respective measured expansion factors of
larval NMJ, including the hollow ringapproximately four times and therefore correspond to preexpansion dimensions.
revealed by superresolution imaging u

Figure 4. Workflow of ExM.
(A) Nematodes are decapitated using a scalpel, causing gonads to extrude from
the body cavity. (B) Gonads are fixed in paraformaldehyde to crosslink
proteins, then permeabilized to allow ExM reagents to penetrate the tissue. (C)
Treatment with AcX adds anchors to the proteins to allow the proteins to attach
to the polyacrylamide gel. (D) Gonads are embedded in a polyacrylamide gel.
During gelation, proteins attach to the gel matrix via the AcX anchors. (E)
Proteinase K digests proteins to allow for expansion. (F) Gels and gonads
contained therein are expanded in water.
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Figure 5. Gels become larger after expansion in water.
Gel sizes before and after the expansion step of the ExM protocol, in which gels
were incubated in pure water. Whiskers represent the range of data points within
1.5x interquartile range from the edge of the box.
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Figure 6. Unexpanded and expanded C. elegans gonads.
Images of DAPI-stained gonads from an unexpanded sample (left) and an
expanded sample (right). Actual scale of images is unknown, but all images
were taken at the same magnification (using 100x objective).
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Figure 7. Concentrations and timing of DAPI introduction.
The above figure shows how the DAPI signal changes when staining is done at
different points in the ExM protocol using varying concentrations of DAPI.
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Figure 8. Progression of DAPI signal throughout protocol.
The above figure shows images of C. elegans gonads taken throughout the ExM
protocol using a 0.1 mg/ml final concentration of DAPI before AcX treatment.
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Figure 9. Revised imaging chamber prevents deflection of coverslip.
(A) Original imaging chamber, consisting of two glass slide spacers with a
coverslip across holding the gel samples. (B) Revised imaging chamber,
consisted of four glass slide spacers with a coverslip across holding the gel
samples.
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Figure 10. Revised sample mounting method places gonads near surface of
gel.
(A) Original mounting method, in which gonads and gelling solution were
pipetted together into the gelling chamber. This method results in gonads
dispersed throughout the gel. (B) Revised mounting method, in which gonads
were adhered to a coverslip and overlaid with gelling solution. This method
produces a gel in which gonads are located near the surface of one face of the
gel.
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Figure 11. EdU labeling and DAPI staining in unexpanded and expanded
samples.
(A) Images of EdU labeled and azide-stained gonads from an unexpanded
sample (top left) and an expanded sample (top right). (B) Images of DAPI
stained gonads from an unexpanded sample (bottom left) and an expanded
sample (bottom right).
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Figure 12. Decrease in tissue expansion over time.
(A) Nuclei sizes in expanded samples from August to November of 2019. Whiskers
represent the range of data points within 1.5x interquartile range from the edge of the
box. (B) Images of DAPI-stained gonads from unexpanded and expanded samples from
Septermber of 2019 (top left and right) and an expanded sample from November 2019
(bottom). Actual scale of images is unknown but all images were taken at 100x
magnification.
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